Humic acid-like substances (HALS) are heterogeneous macromolecules having a range of physicochemical properties and exhibiting different reactivities in environmental systems. However, to study the HALS that were isolated from atmospheric falling dust is seldom compare to which were extracted from soils and sediments. To better understand the chemical composition and heterogeneous property of HALS, which were obtained in the present work by multiple extraction of atmospheric falling dust, and their chemical composition was characterized using pyrolytic gas chromatography mass spectrometry (Py-GC-MS). This quick and effective procedure provides an insight into the structure and source of HALS. The results indicated that polysaccharides, lignin, protein/amino acid and aromatics are the main sources of this macromolecule organic fraction. Higher content of aromatic compounds which reached 67.42% suggested that aromatic structure is an important unit for HALS. Lignin-derived aromatic compounds are also major components of pyrolysates, while compounds derived from proteins and carbohydrates at higher concentrations were also detected. Compared with HALS fraction from dust in different sampling sites, it was suggested that biological emission and anthropogenic activity were the main contributors in suburban area of the university town and anthropogenic pollution was the main sources in urban area of the Wushan. The relative contents of pyrolysates in different seasons at the same sampling site indicated that meteorology is also an important factor to influence composition of HALS.
INTRODUCTION
Humic acid-like substances (HALS) are heterogeneous macromolecules and among the major organic constituents actively participanting in the global carbon cycle and controlling fate of organic and inorganic polluents in suface aquatic environments (Li, 2006) . It has been shown that HALS are mainly composed of aromatic cores bridged by aliphatic and functional groups (Song et al., 2002; Li et al., 2004) , which are factors governing their chemical and biological reactivity in the environment. For example, the aliphateic portion of HALS generally absorbs more hyfeophobic pollutants than polar components do . Therefore, many scientists are interested in elucidation of the characterization of HALS. However, the Corresponding author. E-mail address: ynh7935@sina.com main scopes of HALS were that extracted from soils, sediments and water (Thurman and Malcom, 1981; Song et al., 2002; Campitelli et al, 2006) . Few researches have been conducted on HALS that is isolated form atmospheric falling dust (Mukai and Ambe, 1986; Zappoli et al., 1999; Zhao et al., 2009) . Therefore, the detailed composition study of organic macromolecules in dust is certainly of scientific importance.
Several physical and chemical methods have been used to characterize structural and molecular properties of HALS, such as infrared spectroscopy, 1 H and/or 13 C nuclear magnetic resonance spectroscopy, fluorescence spectroscopy, scanning electron microscopy, as well as chemical and thermal degradation techniques (Stevenson, 1994; Li et al., 2006) . Those methods normally only bulk information on molecular structures of HALS, because of the compositional complexity for HALS. In comparison, thermal degradation techniqunes, such as pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS), yield a large number of structure components resulting in more detailed molecular information on the various compositional featues of HALS (Subbalakshmi et al., 2000; Falkovich and Rudich, 2001; Fabbri et al., 2002; Chow et al., 2007) . Py-GC-MS methods has notable advantages, such as its fast, sensitive, one-step procedure, only submilligram sample required, and it is capable to identify many structurally related compounds owing to the high separation efficiency of GC and the strong identification power of MS; Therefor, It has been successfully used to study the structure of complex organic macromolecular material such as lignin, humic acid and kerogen (Fu and Qing, 1995; Chefetz et al., 2002; Fahmi et al., 2007) , although the limitation of incomplete pyrolysis, thermal degradation, secondary reactions and cyclization in this technique (SaizJimenez, 1994) .
This study aims at elucidate the structural and compositive characteristics of HALS extracted from dust. Py-GC-MS methods was used to decompose macromolecules into small detectable molecules to better elucidate structural differences at the molecular level and assess possible biological and artificial sources of detectable compounds in HALS. The results would provide new data may help us to better understand the chemical composition, geochemical behavior, origin and structure of HALS that were isolated from dust by a chemical procedure. Moreover, chemical characterization of dust would increase our knowledge of aerosol.
EXPERIMENT

Preparation of the Samples
Dust samples were collected from two sites in Guangzhou city, PR China: Wushan (WS) in Tianhe district and the university town (UT) in Panyu district. Falling dust was collected at intervals of 2 months at WS and the UT between April 2006 and May 2007. Samplings lasted one year and in total 12 samples were collected.
WS represents an urban area and is surrounded by highways, schools, residential and office buildings, and industrial factories. The main sources of air pollution at this site are thought to be anthropogenic. Samples were collected on the roof of a library building that is 18 m above the ground.
UT represents a suburban area located at the boundary between urban and rural areas and is surrounded by several universities. The main sources of air pollution at this site are a mixture of anthropogenic and biological. Samples were collected on the roof of a five-story building in South China Normal University at 23 m above the ground.
Roofs selected for sampling sites were cleaned before sampling. Neither site received any rain, but allowed atmospheric dust to fall to the ground under its own gravitation. The sampling sites were high enough to avoid contamination by secondary dust raised from the ground. The sampling sites were cleaned after individual sampling periods, prior to collection of the next sample. Sampled dust was pre-cleaned by 0.28 mm sieve and then stored in a brown bottle within desiccators before use.
Extraction of HA
The isolation protocol of HALS was based on that of International Humic Substances (IHSS) and Song et al. (2002) .
A predetermined amount of dust sample was placed in a centrifuged bottle and 0.1 M of NaOH was added under a nitrogen atmosphere. In this step, N 2 gas was purged into aqueous solutions of NaOH. After extraction for 12 h on a shaker, the content of the bottle was centrifuged at 4500 rev./min for 30 min, and the supernatant was transferred to another bottle. The extraction was repeated 5 times or more until the supernatant became colorless. The extracts from different batches were combined and acidified to pH 1 using concentrated HCl acid (6 M) to precipitate the HALS.
After 24 h stagnant precipitation, the acidified solution was centrifuged at 4500 rev./min for 30 min, and the supernatant, i.e., the fulvic acid fraction, was transferred to another bottle. The residue, i.e., the HALS fraction, was purified by a dissolution and precipitation processes with 0.1 M KOH/0.2 M KCl and 0.1 M HCl/0.3 M HF, respectively. This procedure was repeated two or three times. HA precipitate was transferred to a Visking dialysis tube by slurrying with water and dialyzed against distilled water until the dialysis water gave a negative Cl -test with silver nitrate (AgNO 3 ). HALS was freeze dried and stored in a refrigerator until use.
Py-GC-MS
The Py-GC-MS analysis was performed on a pyrolysis injector (CDS-2000, CDS Analytical Inc., Oxford, PA) interfaced directly with a GC/MS (Voyager, Thermo Finnigan, Chester, UK). During analysis, approximately 1 mg of particulate material (HALS sample) was placed in a quartz tube, which was introduced into a Pt-coil pyroprobe. The probe was inserted into the injector and heated from 250°C to 650°C at 5 °C/ms and held at 650°C for 10 s. A helium carrier gas of 20 mL/min flow rate purged the pyrolysis chamber and held at 250°C. Split mode (1:20, V/V) was applied at the GC inlet for the introduction of products from the pyrolysis chamber into the GC column. A standard solution of d-C 24 n-alkane (100 mg/L) was injected into the samples before heating for quantification of pyrolysates.
The Py products were directly analyzed by GC/MS on a fused silica column (CP-SIL5 CB, 30 m × 0.32 mm × 0.25 m, length × ID × film thickness). Helium (1.4 mL/min) was used as the carrier gas to flush pyrolytic compounds into the GC/MS system. The column temperature was initially set at 35°C for 3 min, then increased at 3 °C/min to 300°C and held for 15 min. The mass spectrometer was operated at ionization energy of 70 eV (EI) with a mass detection range (m/z) 50-700. Compounds were identified by comparing the mass spectra obtained with commercially available MS libraries (Wiley, NIST and LIBTX) and literature MS data.
RESULTS AND DISCUSSION
Characterization and Source Contributions for HALS
All 12 HALS fractions exhibited very similar total ion chromatograms (TICs). Fig. 1 presents two pyrogram obtained for UT0610 and WS0610, which show about 63 identifiable peaks. Due to the vast number of identified compounds, it is not possible to label all peaks in the pyrogram and therefore, only some important and major compounds are indicated in the Fig. 1 . The assignments of major peaks, excluding n-alkane/alkene doublets, are listed in Table 1 . Such pyrolysates have been reported in previous pyrolysis studies for HALS of soil and/or sediment (Lu et al, 2000 and not of atmosphere falling dust.
Furfuran Compounds
Derivatives of furan and benzofuran ( Fig. 1, peak 11, 43) have been detected in HALS, which normally believed that these compounds originated from biodegradation of polysaccharide fraction in plants (Hayes et al., 1989) . These results indicated that polysaccharides maybe play an important role in formative processes of HALS. More furfuran compounds have been found in UT HALS fractions suggested that HALS in UT samples contained more easily decomposed components, which related to the biological surroundings in UT.
Fig. 1
Total ion chromatogram (TIC) and specific ion chromatograms (m/z = 57 + 55) of the pyrolysates of HALS that were extracted from summer UT and WS dust.
Note: Samples were named according to the sampling site (UT, WS) and sampling time (year and month). For example, UT0610 means that the sample was collected in UT in October, 2006.
Fig. 1. (continued).
Nitrogenous Compounds
N-Containing compounds such as pyrazole, pyrrole, pyridine, pyrimidines, benzonitrile, and so on (Fig. 1, peaks  1 , 2, 4, 5, 7, 12, 13, 14, 15 and 22) were thought to be released from protein/amino acid by pyrolysis (Chiavari and Galletti, 1992; Hendricker et al., 1998) . The abundance of N-containing compounds in HALS were higher in UT samples than that in WS samples, which indicated that HA in UT samples were contained more easily decomposed structures of protein, and which was opposite in WS samples.
Phenolic Compounds
The information presented in Fig. 1 shows that phenolic compounds were the predominant products in the pyrogram. Prominent peaks28, 40, 46, 50, 53 and 59 on the pyrogram (Fig. 1) represent guaiacol, 2-methoxy-4-mentyl-phenol, 4-ethyl-2-methoxy-phenol, 3,4-dimethoxy-phenol, 4-propenyl-2-methoxy-phenol and 4-allyl-2,6-dimethoxy-phenol, which are indicators of lignin material (gymnosperms, angiosperms, herbaceous). Because different sources of lignin could reflect different composition of HALS (Li et al., 2003) , and therefore different compounds indicate their origins. The semiquantitative abundance of HALS based on d-C 24 nalkane, it was showed that the abundance of phenolic compounds in UT HALS fractions were higher than that in WS HALS fractions, which implied that HALS in WS contained structures of phenolic compounds was lower than that in UT. Based on these analysis, it would be easily found that lignin in UT was originated both from sources of woody plants and herbaceous plant. Lignin in WS, however, was mainly contributed by land-woody plants.
Phenol and alkyl-phenol were involved in pyrolysates of HALS (Fig. 1, peaks 23 , 26, 29, 31, 35 and 36) , which were the common pyrolysates of natural organic matter. It can be thought that they originated from decomposed lignin of trunk (Saiz-Jimenez and De Leeuw, 1987; Martin et al., 1979) , and also maybe derived from other biology, such as protein, polycarboxylic acid (Bracewell et al., 1980) , and polysaccharide (Wilson et al., 1983) . However, the relatively higher content of phenol and methoxy-phenol illustrated that these classes of compounds mainly originated from biodegradation of lignin.
n-alkane/alkene
All specific ion chromatograms (m/z = 57 + 55) of HA fractions showed a series of n-alkane/alkene doublets ranging from C 8 to C 33 (Fig. 1) . The mult-modals distribution and variation in carbon preferences indicate the complexity of the n-alkane sources (Fig. 2) . Usually, ester-bound fatty acids yield pyrolytic n-alkanes/n-alkenes with one C atom less than the parental fatty acid moiety, whereas etherbound compounds result in the corresponding n-alkane/nalkene with the same chain length as the parent compound (van de Meent et al., 1980) . Whereas, aliphatic pyrolysates were normally thought to be decomposed from poly-fatty hydrocarbon in organic fraction by pyrolysis, which originated from the polymer of fatty hydrocarbon in biology (Tegelaar et al., 1989; Almendros et al., 1996) .
The main carbon numbers is C 12 -C 27 that can be found from Fig. 2 , which have partly odd -even predominance. From Fig. 2 , the n-alkanes distribution observed was trimodal, although there main peaks have some differences. The main peaks of alkane in UT organic fraction was C 13 , C 16 and a relative high peak C 29 which was only appeared in sample December, 2006, as well as C 15 , C 18 , C 21 and C 23 were the main peaks of alkane in WS organic matter, which indicated that fatty hydrocarbon in UT HALS was originated from both low aquatic organisms and micro- organisms and terrestrial herb (Zhao et al., 2009) , whereas, fossil fuel and higher plant were the main sources of fatty hydrocarbon in WS HALS.
Fatty Acids
Fatty acids were found in all HALS fractions, ranging from myristic acid to octadecanoic acid (Fig.1, peaks 60 , 61, 62 and 63) with a pronounced even-carbon-number preference. Hexadecanoic was the main fatty acids in these fatty acids. Even-carbon predominance indicated that these fatty acids were strongly sequestered in the macromolecules as a free phase (Saiz-Jimenez 1995; Gobè et al., 2000; Grasset et al., 2002; Li et al., 2003) , Because polycarboxylic acids would react by decarboxylation under pyrolysis and consequently get alkanes, alkenes, phenol and alcohol (Martin et al., 1994; Saiz-Jimenez 1995) . The organic matter in the dust sample clearly indicated the presence of aliphatic components, which in agreement with results of Subbalakshmi et al. (2000) .
Other Compounds
Many aromatic compounds were detected in the samples, including polycyclic aromatic hydrocarbons (PAHs) such as naphthalene and their alkyl-substituted compounds (Table 1 , peaks 39 and 47). Although only a few PAHs were detected and their abundances also were low, their presence indicated pollution that was caused by anthropogenic activity in these areas. Styrene (peak 10) also has been founds in these compounds. Some researchers thought it was the result of contamination, such as polystyrene pollutants was inputted into environment by human (Peulve et al., 1996) . Other researchers believed that styrene was the pyrolysate of peat pyrolysis, which can be considered as the marker of degradation of lignin. Nierop et al. (2005) was thought that styrene originated from polyphenols when he was studied volcanic soil in Azores. Therefore, styrene has been detected in all HALS in our study, which implied its importance of organic composition in HALS. In addition, benzonitrile (peak 22) as a special kind of nitrogenous compounds also have been found, which was considered a pyrolysis product of protein (Niperop et al., 2001) .
Fig. 2. Distribution of n-alkane in HALS fractions.
Comparison of HALS in Suburban (UT) and Urban (WS) during Different Seasons
To compare and discuss the relative content of the pyrolysates in different seasons, pyrolysates have been grouped into six classes: n-alkanes/alkenes, fatty acids, aromatic compounds, N-containing compounds, and other compounds. Fig. 3 showed the relative content of five classes' compounds for HALS fractions in different months at WS and UT, respectively. It was obviously found that the relative content of the five classes compounds were variation in different seasons.
Aromatic compounds and nitrogenous compounds in HA were presented their preference in all pyrolysates and accounted for 80% in five classes compounds. The content of n-alkanes/alkenes in UT and WS HALS were ranged from 8.08% to 13.80% and 4.06% to 15.07%, respectively. Although contents of fatty acids only reached 0.60%-4.58% and 1.16%-8.37% in UT and WS, respectively, which were important pyrolysates in HALS. According to the seasonal variation in five classes' pyrolysates, we can see that the variation of these organic compounds was not consistent with seasons' change. However, when we divided the content of five classes' compounds into summer (including May, June, September and October) and winter season (including December, January, and March), the changes of contents for pyrolysates in summer and winter would appear clearly.
The contents of n-alkane/alkene were higher in winter samples than that in summer samples both in UT and WS. The reason for this difference may be due to the low level photochemical degradation and limited mixture layers which lead to an increase n-alkane/alkene in winter. On the other hand, frequent temperature inversion and haze days in the winter in Guangzhou also provided atmospheric conditions for cumulative n-alkane/alkene in Guangzhou, whereas opposite meteorologic factor and frequent rain Note: SUT, WUT, SWS, WWS, AUT, AWS are the abbreviation of organic fraction HA that was extracted from summer UT samples, winter UT samples, summer WS samples, winter WS samples, average relative content of UT and average content of WS.
summer decreased n-alkane/alkene pollution. From Fig. 3 , it was clearly showed that the average levels of n-alkane/ alkene in WS samples were slightly lower than that in UT samples, which may be related to mixture sources of traffic and plant in UT, especially dead leaves would release more plant wax in winter (Guo et al., 2003; Oliveira et al., 2007) .
There were presented slight differences of average contents for fatty acids in different sampling site during winter and summer (Fig. 3) , which showed lower content in summer. In this study, myristic acid to octadecanoic acid was less than 20 carbon number and the prominent peaks were hexadecanoic and octadecanoic acids. Simoneit et al. (1982) was thought that carbon number of fatty acids less than 20 originated from microorganism. Other researches demonstrated that smaller size particles in aerosol maybe also released fatty acids, such as cooking (Rogge et al., 1991; Schauer et al., 2002) , vehicle exhaust gas (Rogge et al., 1993; Schauer et al., 2002) and fossil fuel (Rogge et al., 1997) . Therefore, anthropogenic activity, such as vehicle emissions, was the main sources to WS pollution, which was proved the reason that difference of content for fatty acids between summer and winter in WS was limited. The obviously higher average content of fatty acid in winter in UT samples, one reason was summer vacation would be decreased fatty acid that emitted from cooking of refectory in UT, moreover, frequent rain in summer was also not favor to accumulate higher content of fatty acid. On the other hand, long time calm wind in winter would be resulted in enrichment of fatty acids.
In addition, HALS extracted from UT dust was not enough in some samples, in order to analysis its composition, some HALS samples of different month have been mixed, such as UTHA0604 and UTHA0612 (UTHA0604 was the sample that was extracted from mixed samples of April, June and September dust; UTHA0612 was the sample that was extracted from mixed samples of December 2006, January and March 2007 dust), may be also the reason to explain lower content of fatty acid in summer and higher of that in winter.
Aromatic compounds as an important pyrolysates showed higher relative contents in HALS during winter than that in summer. From the view of whole year, however, the average content of fatty acids in UT samples showed higher level than that in WS, which may relative to the high levels of photochemical degradation and high emissions of plants in UT (Guo et al., 2003; Oliveria et al., 2007) , whereas only vehicle emission contributed to WS and resulted in insignificant change between summer and winter.
For nitrogenous compounds, which were pyrolysised from UT samples, the relative content was higher in summer than that in winter. The reason related to the agriculture activity which would release more NH 3 by frequent management of fertilization during summer in suburban (Gilliland et al., 2006; Wu et al., 2008) , while the fallow duration and few farmland activities in winter lead to lower nitrogenous compounds. Higher content of nitrogenous compounds in WS during winter, which was results of frequent temperature inversion and haze days, and therefore these factors supplied condition of NO x to form secondary pollution by transformation and enrichment (Ma et al., 2010) .
It can be easily found from Fig. 3 that there was much more difference of various pyrolysates in HALS that was isolated from dust. The main pyrolysates of HALS fraction were aromatic compounds and nitrogenous compounds, which the relative content reached to 67.42% and 14.93%, respectively. Based on this analysis, it can be implied that the main structure of HA fraction was aromatic ring structure.
CONCLUSIONS
Multiple extractions were required to obtain a representative HALS of atmospheric falling dust. The analyses of HA fractions allowed a better assessment of mecromolecule characterization in aerosol. The Py-GC/MS techniques provide a comprehensive assessment of humic macromolecules on a molecular level, significantly expanding knowedge on the source and reliability of the inferred structural data of HA in dust.
Detail identification of pyrolysates of the HALS suggests that aromatic compounds is an important unit in the humic structures. Aromatic compounds and nitrogenous compounds were presented their preference and accounted for 80% in all pyrolysates. The series of long chain n-alkenes/alkanes doublets in pyrolysis showed evidence for the presence of aliphatic biopolymers of both low aquatic organisms and micro-organisms and terrestrial herb in UT and only fossil fuel affect contents n-alkenes/alkanes in WS.
The difference of relative contents for pyrolysates was showed the different sources in UT and WS, which were controlled by the seasonal and spacial variation. The mixed sources in UT were biology emission and anthropogenic activity, the main source in WS, however, was anthropogenic pollution. The relative contents of pyrolysates in different seasons at the same sampling site suggested that meteorology was also an important factor to influence composition of HALS.
